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1. JINTRODUCTION

This report is the second quarterly report covering work performed

under the GSFC contract for study and analysis of satellite power system

configurations for maximum utilization of power. The study as a whole is

organized around six major tasks:

1.

A survey of the power requirements of spaceborne equipment in
typical unmanned satellites.

A survey of typical spacecraft electrical power system designs.

Collection and presentation of electrical, thermal and physical
data on the individual elements of power systems (i.e., power

control, energy storage, anl power conditioning equipment).

Analysis of typical space missions to be ldentified by GSFC with

respect to thelir electrical power requirements and to the characteristics
of photovoltaic power systems which could meet those requirements.
Various power systems will be evaluated with respect to efficiency,

reliability, weight, and interface considerations.

Investigation of possible means of standardizing electrical power
requirements of satellite equipment as well as design of power systems
and their components.

Investigation of the characteristics of alternate electrical power
systems using radiolsotope thermoelectric generators rather than
photovoltaic sources.

The culmination of the first four tasks is obviously Task 5, which will
include recommendations as to how standardization can be furthered without unduly
compromising efficiency. It is evident that any degree of standardization which

can be achieved will offer significant advantages with respect to cost, development
time, and reliability; an attempt will be made to determine the point at which these

advantages are outweighed by reduced efficiency, taking into consideration the various

types of missions identified by GSFC.




2. PRESENT STATUS OF THE STUDY

It is estimated that by the end of the second quarter the planned program
was approximately U5 percent complete. To date, all effort has been devoted to the
first three tasks, wiih the following results:

Task 1 Complete, except for additional data regarding experiment
power requirements to be furnished by GSFC in January 1966.
Hesults are presented in the tirst quarterliy report and in

the present document.

Task 2 Complete. Results are presented in this report.

Task 3 Approximately 90 percent complete, with results presented
in this report. The remaining data will be available in
Jinuary 1966 from results of company-funded research projects
now under way in the fields of power controls, power
conditioning, and batteries.

It is planned that the third quarter will be devoted primarily to Task k4,
system analysis for the various missions. These are to be identified by GSFC
in January 1966. A schedule revised to reflect the GSFC inputs to the study is
attached.

It should be noted that the results of the first three tasks are not of
interest in themselves, since their only function is to serve as inputs to
Task 4. These results are presented here primarily to provide an indication of the
nature of the data on which the analysis of Task 4 will be based.
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3. STUDY RESULTS

3.1 ANALYSIS OF LOADS

As indicated in the first quarterly progress report, the loads supplied
by satellite power systems will be considered under three major headings:

o) Communications and data handling equipment
o) Stabilization and control equipment
o Experiments

The data accumulated for the first category was presented in the previous
report. The second and third will be covered here, except for the additional
experiment data to be obtained in January 1966,

3.1.1 Stabiliization and Control Equipment

Tables I, IT, and III sumarize the results of the survey of electrical
power requirements of typlical stabilization and control equipment. Stabilization
and control systems typically consist of sensors and reaction devices, connected
through a set of electronics which provides the required data processing and logic
functions. Table I shows voltage, voltage regulation, frequency and freguency
regulation, ripple, duty cycle, and average power for samples of the three types
of sensor commonly used (inertial, optical, electromechanical transducers).

Table II provides the same data for the standard types of reaction devices, and
Table I11 shows the requirements for typical digital and analog signal processing
and loglc units.

A review of these tables indicates the great variety of power requirements
imposed by stabilization and control equipment, not only with regard to voltage
and voltage regulation, but for ripple and noise as well. Consultations were
held with recponsible design englneers to determine the reasons for this wide
variety. It was found that in most cases, a component or part was chosen
because it was available and met the functional requirements of the system,
and was therefore accepted along with its particular power requirements,
without any consideration of whether these requirements could be

simplified by selection of another part or component which might also meet the
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functional requirements. In short, the lack of standardization results in part
from a lack of attention to the matter; it was the consensus of opinion that if
the equipment were to be redesigned or modified, it would be possible to

standardize on a smaller range of electrical power reguirements.

3.1.2 Scientific Experiments

Table IV lists the 58 experiments which were reviewed for the present
study to date. They are classified in the table in nine basic functional
categories which appear to cover the range of nearly all present or anticipated
satellite experiments. It can be seen that in many cases two experiments may

differ only in the range of the parameters they measure.

It appears that the general practice with respect to power for
scientific experiments has been to provide the experiment with the nominal
spacecraft bus voltage, leaving any reguired conversion, inversion, or additional
regulation to be performed within the experiment. This practice simplifies the
definition of interfaces and undoubtedly expedites the overall program, but at
the cost of considerable waste of power. It is not unreasonable to estimate
that half the power supplied to the experiments has been wasted in power
conditioning equipment within the experiment package.

Table V summarizes the electrical power requirements for each of the
experiment packages listed. It is hoped that additional data for this table
will be available during the next quarter, but from the data shown here it is
clear that the variety of requirements is greater than for the stabilization and
control equipment. Not only is there a wide range, but in some cases, the
requirements differ so slightly (for example, different experiments require
5, 6, 7, 8, 9, and 10 volts respectively) that it seems very probable that some
standardization would be possible.

From this cursory review it is evident that the standardization of
power requirements for scientific experiments should be investigated in
considerable detail. It is planned that part of the work during the third
guarter of the study will be to define feasible and reasonable standard
voltages and power characteristics for scientific experiments.



II.

ITI.

T/BLE IV

CLASSIFICATION OF EXPERIMENTS

Radio Frequency

1)
2)
3)
4)
5)

6)

#5001 Radioc Astronomy - 2.5 mc cosmic noise
#5002 VLF Propagation - 0.2 -100 kc
Range and Range Rate 2270 mc
#PC-1.05 Radio Propagation - Stanford
#4917 - VLF Noise and Propagation 0.2 to 100 kc

#1918 - Radio Astronomy 2-4 mc

Audio Frequency

1)

#5003 Whistlers and Audio Frequency
Electromagnetic Waves 500 cps - 18 kc

Magnetic Fields

1)

2)

3)
L)

5)
6)

7)

#5005 Low Frequency Magnetic Field Fluctuations

#5006 Rubidium Vapor Magnetometer -
Magnetic Field Survey

#PC-1.02 Magnetometer - GSFC
Flux Gate Magnetometer
Spin Coil Magnetometer

#1910 Low Frequency Magnetic Field
Variations 0.01 cps to 3 ke

#4911 Magnetic Field Strength and Direction
3% to 0.14 gauss

Plasma Measurements

1)
2)
3)
L)

5)

#PC-1.03 Plasma Probe - MIT
#PC-1.08 Plasma Probe - ARC
Plasma Probe

#1902 Plasma (Electronstatic Analyzer)
100 ev to 200 Kev

#1903 Plasma (Faraday Cup) 100 ev to 10 Kev

0GO-C

0GO-C

0GO-C

Pioneer

0GO-A

0GO-A

0GO-C

0GO-C

0GO-C

Pioneer

Able V

Able V

0GO-A

0GO-A

Pioneer

Pioneer

Able V

0GO-A

0GO-A



VI.

G/ BT& IV (CONTINUGD)

CLASSIFICATION OF EXPERIMENTS (Cont.)

Light Freguencies

1)
2)

3)

k)
5)
6)
7)

#5012 Airglow and Aurora Photometer
#5013 Lyman Alpha and U.V. Airglow 1216-1550%

#)Olh Ultravicletv ,nectr of the Larth's
_tmosphere 1100 to 3300°

#5019 Ionosphere Composition and Solar U.V. Flux
#5020 Solar U.V. Emissions 170-1700 %
#4919 Geocoronal Lyman-Alpha Scattering (1216R)

#920 Gegenschein Photometry

Particle Radiation

)

5)
6)

7)

8)

9)
10)
11)
12)
13)
1k)

#5008 Low Energy Proton - Alpha Telescope
Protons 0.5 - LD mev - Alpha 2-160 mev

) 85805

#5009 Galactic and Solar Cosmic Rays 40 mev - 1 bev

#5010 Corpuscular Radiation - Electrons 40 kev
and > 120 kev

#5011 low Energy Trapped Radiation and Auroral
Particles 10 - 100 kev electrons, 100 kev to

10 mev protons, 10 kev to 10 mev total flux

#5007 Cosmic Ray and Polar Region Ionization

#5017 Neutral Particle Measurements (density, temp)

#50/1 Solar £-tuy Emissions 0.5-%, 7- ,
8-16, 4h4-607

#PC-1.04 Cosmic Ray - Univ. Chicago

#PC-1.06 Cosmic Ray - GRCSW
Solid State Detector - Proton Flux 0.5 - 10 mev
Iow Energy Scintillometer - Electron and Proton
Ion Chamber and Geiger Counter
Cosmic Ray Telescope

Scintillation Spectrometer - Protons

10

0GO-C

Pioneer

Pioneer

Able V

Able V

Able V

Able V

Able V



VIii.

VIII.

TBLE IV (CONTIIN . )

CLASSIFICATION OF EXPERIMENTS (Cont.)

15) #4901 Solar Protons 2-100 mev
16) #4904 - Positron Search and Gamma Rays

17) #4905 - Trapped Radiation (Scintillation Counter)
Electrons and Protons

18) #4906 - Isotopic Abundance and Galactic Cosmic Rays
19) #4907 - Cosmic Ray Spectra and Fluxes 0.3 mev - 4 bev

20) #4908 - Trapped Radiation (Geiger Counter)(electrons
40 kev - 2 bev)(protons 0.5 mev - 23 mev)

21) #4909 - Trapped Radiation (Electron Spectrometer)
50 kev to 4 mev

22) #4912 Thermal Charged Particles - electrons and
ions 0.2 ev to u kev

23) #4913 - Thermal Charged Particles - + ions low energy

2k) #4914 - Electron Density by RF Propagation -
electron density

Mass

1) #5015 Neutral and Ion Mass Spectrometer 1 - 50 AMU
2) #5016 Positive Ion Composition 1 - 45 AMU

3) #4915 - Atmospheric Composition 1 - 45 AMU
Positive Ions

Meteorites

1) #5018 Micrometeoﬁtes - sgstial density and mass
distribution 10"~ to 1077 grams

2) #PC-1.07 Micrometeoroid Detector - ARC
3) Micrometeorites

L) #4916 - Micron Dust Particles (mass, velocity,
direction, intensity, time and spatial variations)

Biological or Mineral Detectors

1) Microbiological Detector

I=

0GO-A

0GO-A

0GO-A
0GO-A

0GO-A

0GO-A

OGO
Pioneer

Able V

0GO-A

Surveyor
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3.2 POWER SYSTEM CHARACTERISTICS

A spacecraft electrical power system can be simply defined in terms of
the characteristics of the power available on its maln power bus. These are
basically the following:

o Voltage

o Voltage regulation

o Average or pesk pover

0 rerage sk pow
o0 Ripple and noise

Table VI lists these characteristics for eight different satellites.
The range of values shown here will probably cover the requirements for most
future unmanned spacecraft. For this reason, a detailed examination of these
eight systems offers a promising avenue to explore the possibilities of
standardization.

3.3 ANALYSIS OF EXISTING POWER SYSTEMS

Figures 1 through 8 are overall block diagrams showing the electrical
power system configuration used in each of the eight satellites listed in
Table VI. In each case the system makes use of solar cell arrays combined
with batteries, so that in general the same functions must be performed and
therefore the same basic elements are found. The differences result to a
large extent from the varying emphasis on one or another requirements, such as the
very long lifetime required for Comsat, the intermittent heavy load in Relay,
the stress on off-the-shelf designs for Vela, the heavy loads and complex
equipment on EOGO and POGO, and so on.

Another major influence on electrical power system design is the planned
orbit for the spacecraft. Table VII indicates the characteristics of the orbits
for the eight satellites discussed here.' Orbit characteristics affect power
system design by dictating such important parameters as length and frequency
of eclipses, integrated radiation flux, and range of angles of incidence of
solar radiation. These parameters are reflected in battery cycling requirements

and in power control requirements.

- 14 -
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ORBITAL CHARACTERISTICS

TABLE VII

Orbit Predicted
Program Time Life Time Type - I:zclination
COMBAT 24 nhr. 5 yr. Equatorial - Synchronous
06O 2839 min. 1 yr. 31° inclined
POGO 10k min. 1yr. Polar - 87°
PIONEER Probe 6 mo. Solar
REIAY 185.1 min. 1 yr. 48° inclined
VELA 110 hr. 3 yr. 31° inclined
TIROS 113.5 min. 6 mo. Polar - 101°



3.3.1 Power Source Control

Power source control is the term applied to the function of regulating
the voltage and/or current delivered by the solar array. In all cases, the voltage
delivered by the array must be kept below a value which might damage spacecraft
equipment; under certain conditions (emergence from eclipse, for example), the
array may generate an excessive voltage for a short period of time. In addition,
battery charging must be controlled to prevent overcharging of the batteries. In
some cases, it is also desired to maintain bus voltage at a minimum vaiue even

when the array voltage has fallen below this value.

The types of regulation used to perform these functions are in general
the following:

o0 Series dissipative

o Shunt Dissipative

o Pulse width modulated (bucking, boost, or buck-boost).
Table VIII summarizes the methods of power source control used in the eight

satellite power systems consi dered here.

Series Dissipative Regulation. This type of regulation requires that
the input voltage be higher than the regulated output voltage. Maximum dissipation

occurs at maximum load and maximm voltage difference, as shown in Figure 9. It

can be seen from the figure that with an arrasy temperature variation of 1h5°C,
the dissipation is over 100 percent of the load, reducing efficiency below

50 percent. Nevertheless, this relatively simple type of regulation may be
attractive in cases where input voltage variation, and the consequent loss

in efficiency, are small. Weight of the regulator varies as a function of the
power loss associated with variations in input voltage.

Shunt Dissipative Regulation. This is another dissipative type of
regulator, and requires that the input voltage (1.e., the full solar array voltage)

be at least equal to the desired bus voltage under the worst conditions. The

advantage of partial shunt regulation as compared to a full shunt or series dissipative

- 25 -
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configuration is that dissipation is reduced by having part of the solar
array continucusly feeding the bus, with the output of the remaining portion
regulated by the shunt, which dissipates only as much power as necessary to
keep the total vpltage of the two portions combined below the specified value.
The shunt is connected to a tap in the solar array selected in such a way that
at maximum array voltage (minimum temperature), the shunt elements are driven
into saturation and the array voltage is equal to the unshunted series section
voltage plus the saturated drop of the shunt elements. With this type of
regulation maximum dissipation occurs generally at minimum load. The graphs
of Figures 10, 11, and 12, show diséipation of a partial shunt regulator as

a function of minimm array temperature and minimum load for maximum array
temperatures of 80, 60, and 40°C respectively.

LD

The variation of dissipation with load becomes much less pronounced at
smaller temperature variations, as does the amount of dissipation required. The
effect of variation in maximum array temperature (and therefore in temperature
range) can be seen by comparing the three figures. For example, the no-load
curve of Figure 10 indicates 48 percent dissipation when the temperature varies
from a minimum of -60°C to a rather hot 80°C maximum. If the maximum is held
to 60 or 40°C, the corresponding dissipation become 38 or 32 percent respectively

(for the same minimum temperature).

Figure 13 shows the relation of shunt dissipation to electrical load
on the system, indicating that maximum dissipation occurs, as already noted, at
minimum load for typical solar array temperature ranges. This characteristic
illustrates a significant advantage of the partial shunt type of regulation, since
it shows that losses are minimum when the load requirements approach the solar

array power capability.

Pulse Width Modulating Regulation. Regulators of this type utilize
power transistors in a switching mode with controlled duty cycle to effect the
voltage regulation, and generally offer higher efficiencies than do dissipative
regulators at the cost of a loss in frequency response and output impedance. They

approach maximum efficiency as the difference between input and output voltages becomes
smaller, which makes them suitable for power control functions. In this type of
application the input and output voltages are usually similar and normally do not
reach a ratio as high as 2:1. The following paragraphs discuss the characteristics of
three types of pulse width modulating regulators: bucking, boost, and buck-boost.
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As 1its name suggests, a bucking regulator is one for use where the
input voltage is always higher than the output voltage. The basic block diagram
for this type of regulator is shown in Figure 14. The output voltage is related
to the input voltage by the ratio ton/T, where ton is the ON time of the switch
end T is5 the total drive period. Figure 15 shows typical series losses for a
range of output currents under saturated conditions, when losses are a function
of output current only. Figure 16 indicates how efficiency varies with output
power and with output voltage; these curves represent the losses which occur Just
prior to full saturation of the switching elements, when off time is minimum.
They show that higher efficiencies are associated with higher output voltages.

Variation in efficiency with change in input voltage (assuming a constant
output voltage) is shown in Figure 17 for two output voltages. The increase in
losses as the voltage ratio increases results primarily from greater switching
losses. Regulators of this type have been implemented with weight-to-load power

ratios of 0.75 pounds per watt.

A boost regulator is one used where the input voltage is always less
than the output voltage. Figure 18 is a block diagram of a constant-frequency
boost regulator of the pulse width modulated type. This case is the inversec of
the bucking regulator, the ratio of input to output voltage being the ratio of
T to toff’ with T the total drive period and toff the off time of the shunt
switching element.

. Maximum efficiency of this type of regulator occurs not when the two

voltages are the same, but when the input voltage is slightly higher than the

output voltage (not a normal condition for this type of regulator). The shunt
element is open in this case, with all losses confined to the series elements.
This condition occurs when the power available from the solar array is maxirmum
(i.e., low temperature in sunlight). Figure 19 shows the losses of this type

of regulator as a function of load current, and Figure 20 shows the efficiency
as a function of output power for varying output voltages. As in the previous

case, the curves are taken for toff almost equal to T, and losses are greater

-33 -
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for lower voltages. Figure 21 shows that for this type of regulation the
efficiency is greater for high input/output voltage ratios.

In the third type of pulse width modulated regulator, the buck-boost
type, output voltage is related to input voltage by the ratio ton/toff’ which
are respectively the On time and OFF time of the switch. At a 50 percent duty
cycle for the switch these two values would be equal and the input and output
voltages would also be equal. Where ton is greater than toff the circuit
boosts the voltage, and the inverse case bucks (i.e., reduces) it. Figure 22
is a basic block diagram of this type of regulator. In this case also, efficiency
is greatest when the voltage ratio is nearest unity, as shown in Figures 23 and 2k,
but varies with the output voltage chosen. As in the other cases, the higher output
voltage shows the smallest losses. The major disadvantage to this type of regulator
in comparison to the buck or boost types is its lower efficiency (note the lower
absolute values of efficiencies shown in Figure 24 for a given voltage ratio as
compared to Figures 17 and 21). When the regulator is in the boost mode the
saturated switch and series choke losses are predominant, while in the buck mode
the switch losses predominate.

3.3.2 Power Conditioning Equipment

Design. Power conditioning is the generic term used to describe the function
of accepting electrical povwer of specified characteristics and altering it to
meet the specific requirements of using equipment. The resulting power, sometimes
called secondary power to distinguish it from the prime or unconditioned power, is
supplied to the using equipment at the required voltages (and with any other
required characteristics). The units used to perform this function are ordinarily
classified as inverters, converters, and transformer-rectifiers. The three basic

functions usually performed by power conditioning equipment are:
o Regulation
o Inversion (DC to AC)
o Rectification (AC to DC)

In some cases it is possible to combine regulation and inversion
in the same circuitry by modulating the drive to the inverter switching transistors

so0 as to produce a constant volt-second integral to the inverter transformer. This
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Pulse Width Modulated Buck-Boost Regulator
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approach can only be used, however, with low input voltages and relatively
low power levels; the limiting factor is the peak collector voltage and
current of the switching transistor.

Where separate pre-regulation is necessary, a circuit such as that
shown in Figure 25 can be used. In this design, the input filter serves to
smooth out spikes and high-frequency transients with large peak values but
low volt-second intervals, to eliminate input ripple having frequency components
at or near the modulating frequency of the switching transistor {which would
produce lov-fremuency ecmponents by heterodyning; these would go through the
integrator and back to the primary bus without attentuation), and to attenuate .
AC components produced by transistor switching. The integrator portion of the
circult serves to smooth the "chopped" DC, and the diode conducts when the
transistor is off, permitting continuous current flow through the integrator
inductor. The inductor then becomes, along with its capacitor, a means of
storing electrical energy. The switching transistor "chops” the DC at the
output of the input filter in such a way as to produce a constant volt-second
integral into the integrator.

Implementation of the inversion function is relatively simple.
Figure 26 illustrates three versions of inverters, two with transformers snd one
without. The inverter can obtain its drive from the same source that produces the
unmodulated drive for the pre-regulator. Some current feedback from collector
to base of the inverter transistor will reduce drive source power and improve
efficiency.

Conversion can take various forms, as shown in Figure 27. When the
secondary power is DC, the inverter output must be rectified and filtered. The
designs of Figure 27 show isolation transformers such as would be needed with
those source options shown as (a) and (c) of Figure 26, but the secondary for each
converter in Figure 27 can be the secondary of (b) in Figure 26.

Details of Implementation. Probably the heaviest single part in the
power conditioning equipment is the inverter transformer or the converter

transformer (Figure 26 (a) and (b) or Figure 27). However, not all of the
windings are used for the full switching cycle; for center-tapped windings, half
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are dormant for each half cycle. Figure 27 (a) shows a shared secondary
winding that would be completely utilized if both output currents were equal,
and is utilized to the extent that this is the case. In Figure 26 (a) the
inverter transformer has a 100 percent utilization factor.

The filter capacitors shown in Figures 25 and 27 are usually ceramic
or tantalum types, with the tantalum type available in foil, solid, or wet
versions. Selection of capacitors has a significant effect on weight, since
they are in the same weight range as transformers. Consideration must also be
given to system frequencies, since these capacitors tend to become inductive
at frequencies in the megacycle range. This makes it difficult to achieve low
output impedance at high frequency, compensate a high-gain amplifier, or suppress
high-frequency components for EMC (electromagnetic compatibility) reasons.

The inductors shown in Figures 25 and 27 are the DC carrying types
which make use of the air gap to store most of the energy while leaving the
core with sufficient permeability to act as an inductor toward AC components
of energy. In those cases where the inductors are shown as optional they can
be eliminated if the AC waveform is sguare or nearly square. They are needed
in applications with severe noise {EMC) or ripple requirements. Care must be
taken with inductors at high frequencies, since they tend to become capacitive
above one megacycle. Weight is also an important consideration in their use,
since they weigh more than resistors, low-value capacitors, transistors, or
diodes.

With regard to semiconductors, most high-reliability or high-temperature
applications call for silicon rather than germanium types, even though silicon
has a larger saturation voltage drop than does germanium. When semiconductors
are used in switching modes, there is the usual I-V loss for forward conduction
and in addition a storage carrier effect, which causes the device to remain
conducting into the next half cycle, after the complementary diode or transistor
has turned on. This results in a short circuit for a brief period. These losses

can be significant and may be within an order of magnitude of the other losses.
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There are times when the secondary power circuits must perform
with better than normal ripple or regulation, or lover than average output
impecance due to dynmmnic loading {pulsed loads). .Jhen this is ncessary,
active Tiltering must be used in the outputs following those converter
circuits shown in Fipgure 27. Series regulators, Figure 28 (a), may be used
where: the dynamic range of regulation is not too great. Normally the pre-
regulator function produces about one percent regulation to the inverter
trunsformer secondaries for line, DC load, and temperature variations combined.
The dynamic loads are usually pulsed demands [{or current which ctherwise would
produce significant voltage transients. The shunt regulator, Figure 26 (b),
may be used for wide range dynamic loads.

Parametric Data. The parametric data accumulated to date on power

conditioning equipment relates almost entirely to DC-DC converters. The
following discussion will therefore cover power converters only, with discussion
of inverters and transformer-rectifiers left to a subsequent report. Since DC-DC
converters include an inversion function and a transformer-rectifier function,

much of the technology is applicable to units performing those functions alone.

Table IX summarizes the pertinent electrical data on the converters
included in the eight power systems under consideration. It can be seen that
there is a wide range of characteristics, corresponding to the wide range of

using equipment requirements previously noted.

With regard to converter weight, packaging densities for electronic components
of 0.030 to 0.045 pounds/ cu. in. are being achieved; the total weight of
mechanical hardware ranges from 33 to 100 percent of the weight of the electronic
parts used in the unit, with the average about 50 percent. Operating temperature
affects weight, since high temperature require more structural mass to remove
heat.

The parameter of most interest for this study i1s converter efficiency.

W.ight in turn is affected by efficiencyand switching frequency. Figure 29 shows
the relationship of all these parameters. It can be seen that:
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o Efficiency increases with power level. This results from
the fact that there are certain fixed losses in a converter,
and these naturally become a smaller percentage of the total
as pover is increased. In addition, the variable losses
increase at a slovwer rate than the power level and thus also become
smaller in proportion.

rre

o Higher switching frequencies result in considerable reduction of

weight, but at the same time in lower efficiency.

o High switching frequencies (100-200 KC) can be used at low power
levels (up to 10 watts), but should not be used at higher power
levels because of the loss in efficiency associated with long
switching time characteristics of presently available power,
switching transistors. The upper practical limit for a 500 watt
power level, for example, is seen to be a switching frequency of
ZG-20 KC.

As the figure shows, there is a maximum efficiency attainable for any
given power level. This 1s shown more simply in Figure 30, a curve of maximum
efficiency versus power level for a typical 28 V DC-DC converter. As would be
expected the efficiency increases with power level, but reaches a maximum at
about 89 percent. This reflects the minimum attainable losses, which are
attributable to I-V losses in the power switches, rectifiers, and magnetic
components as well as to the fixed losses. Some increase in maximum efficiency
may be attainable for low-power units by design innovations, and in high-power

units by incorporating regulation in the inversion state.

Efficiency is affected, in part, by the magnitude and number of outputs.
For single outputs other than 28 VDC, an efficiency correction factor, Figure 31,
must be applied to compensate for rectification losses. At high voltage output,
the efficiency correction factor (ECF) is greater than unity while at low voltages
the correction factor is substantially less than unity due to the high rectification
losses. For multiple outputs, the correction factor will also be utilized. An
example calculation will be instructive. The problem is to determine the efficiency
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of n 20 watt converter with five outputs as follows:
1. +15 at 5 W
2. -15at 5 W
3. +28 at 10 W
i, +50 at 8 W
5. +3 at 2 W

The efficiency of a 30 watt converter at 10 KC switching rate from
Fifure 29, is 79%. The corrected efficiency is obtained by determining an
overall efficiency correction factor (OECF) taking into accaint the respective
power outputs and the ©CF's.

Efficiency Correction

Output Factor (ECF)
+15 .98
-15 .98
+28 1.0
+50 1.01
+3 .835
OECF = .98(5) + .98 (5) +1.0 (10) +1.01 (8) + .835 (2)
30
OECF = .985

Corrected Efficiency = 79% (.985) = 77.7%

For DC/DC converters designed to operate at a particular input voltage
when connected to a variable bus, efficiency decreases with higher input voltages.
For a nominal 50 VDC input, converter efficiencies may increase approximately 2%
reflecting the lower losses due to lower input current as compared to 28 VDC design.
Voltages significantly greater than 50-60 volts will compromise the collector

voltage breakdown ratings for available power transistors.
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Standardization. Spacecraft requirements sometimes place undesirable

physical and electrical performance constraints on the power conditioning
equipment. Such factors as multiple output voltages, power proportioned for

each output, tight regulation, low ripple, current limiting, and large input
voltage range, cause the power conditioning equipment design to be less than
optimum. All of these constraints limit serious design attempts toward
standardization. However, despite this situation, attempts toward standardization
are being made within TRW and presumably other companies. Discrete components
such as resistors, capacitors, transistors, diodes, transformers, and inductors
are assembled into packages called modules, which are named according to function
and sub-function. These modules of cordwood and welded wire construction
contained in a protective plastic housing reduce the number of visible nodes
(terminals) and allow standardization. The finished "standard" module then
becomes an entity which can be combined with four or more other modules to

make a converter or inverter. These modules may be used unchanged in other

applications, or with slight modification such as a change in resistor value.

The use of standard modules of this type helps to reduce costs,
improve schedules, improve reliability and minimize electro-magnetic interference.
The module approach yields an orderly arrangement of parts more readily producible
with good packaging densities (.035 to .05 lbs/cu. in.).

3.3.3 Batteries

Flectrical power systems for satellites or spacecraft basically have
three choices of battery types - silver zine, silver cadmium, and nickel cadmium.
Becausc the state-of-the-art of sealed secondary (rechargeable) silver zine
batteries is not as advanced as the other two types, silver zinc batteries are not
used for long life cycle operation. The primary (one shot) silver zinc is
predominately used for short missions not requiring charge and discharge, and for
peak power or emergency requirements on those vehicles having another source of
continuous electrical power. The nickel cadmium battery has been in use the
longest. However, the silver cadmium battery is being used more and more for
two reasons: (1) it has a hipher energy per unit weight, and (2) it is not magnetic
in nature like the nickel cadmium. The nickel cadmium battery has a residual
magnetic field, even when not in use. The magnitude and direction of this field

varies as a function of its previous history of charge and discharge conditions.
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To date, the nickel cadmium battery has demonstrated a better cycle life, but

a steady improvement of silver cadmium performance is being realized.

Design data for the silver cadmium batteries is presented in
Figures 32 through 41. Most of these data have been reduced to parametric
form such that reasonable comparison can be made with other battery types.

Figure 32 presents data on cycle life as accumulated from various test programs,
under varying conditions. Sufficient tests have not been completed and documented
to provide the most reliable design data. Most of the data points were derived from
available information on Yardney cells. The cell capacity ratings as defined by
Yardney are based on a C/15 charge rate and C/10 discharge rate at room temperature.
In the following discussion of silver cadmium batteries, the cell capacity ratings
have been re-defined to C/12 and C/h charge and discharge rates, respectively. This
re-definition of rates de-rated the battery capacities to more realisticly agree with
satellite applications which use only the higher rates. The criteria for "failure"
is defined as an occurrence of a catastrophic failure such as a cell open or short
condition - or the inability of the battery (not cell) to supply the required (DOD)
depth-of-discharge in a given cycle.

Figure 33 provides packaged battery weight per cell as a function of rated
capacity. A packaging factor of 30% was used since the few existing designs fall in
this area. However, as larger batteries are manufactured and used, a factor as low
as 20% appears reasonable. The plot of temperature vs. ampere-hour efficiency in
Figure 34, applies to any state of charge within the operating life of the battery.
The maximum achievable input capacity is a function of the charge rate and temperature
as shown in Figure 35, in terms of the end of life capacity.

Output capacity varies with temperature, charge rate, and discharge rate.
Figures 36 and 37 present the family of these curves in terms of (Ce) end of 1life
capacity. The charge and discharge voltage curves as a function of capacity and at
several temperatures appear on Figures 338 and 39. The relationships of discharge
rate and temperature on energy efficiency and weight are shown in Figures 40 and k4l.

A similar set of parametric design data are presented in Figures 42 through
5k, for the nickel cadmium batteries. Because this type of battery has a longer
history, the data is more refined and lends itself to a systematic design approach.

An example of a pattery design will be used to demonstrate the use of these curves.
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Examgle :

From the spacecraft mission and orbital considerations the

following requirements are glven:

Life 1000 cycles
Load Capacity (C d) at end of life 3 AH
Discharge current (I d) 3.0 Amps
Discharge Temperature (T d) 500 F
Charge current (Ic) 1.5 Amps
Charge temperature (Tc) 96° F
Step (a): Assume 13 = 0.5 LIK'IPI_S— = 0.5 1/br
I d I
Define: id = T :Lc = C
e e
c = Discharge capacity at end of
‘ life for a given charge current
density ( ic) and ampere-hour
efficiency (7{) .

Ce = Maximum available capacity at
end of life for a given charge
current density (i c) and discharge
current density (1 d) .

1

Ce = Maximum available capacity at
end of life for a given optimum
charge and discharge current.

Cr = Manufacturers ampere-hour rated
capacity.

Step (b): From Figure k2, at 1, = 0.5 and T, = 50°F.
1 -—
ce/(:e = 0.825
. (Before any derating occurs, C,=C; =3 AH.)
c, = @ - 3.6% am
0.825

™
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i = c = . = 0.4125

Figures 43 through 47 are a set of efficiency curves for various
charge temperatures.
Step (c): Assume a charge efficiency of 90%.

Step (d): From Figure 46 having a charge temperature of 9%6°F -

read Cy/C, = 0.835 for 71 = b, i, = O.412y

Step (e): Let a new Cy = 3.636 AH from the previous C.

calculation.
The new Ce = cd = 3.636
0.835 0.855

4,354 AH

This should be the de-rated AH capacity required for
these specific charge and discharge conditions. How-
ever id = 0.5 was assumed.

Step (f): Examine 13 = 0.5 assumption.
I

e 2 _ _3 Amps _
Y =T " hham - 689

e

Thus,id # 0.5 as assumed and a further iteration is

required.
Step (g): Return to Figure b2 for 1; = 0.689 and T, = 50°F.
New C./c, = 0.800
i - - M - smom
Step (h): Calculate new i,
i =—;—;°— = ;:—;5%‘“%;— = 0.400

Step (1): From Figure 46 again obtain a new Cd/ce where
{ = 0.400, 7%= 90%

c d/ce = 0.830



. c = 32120 _ ) 518 am

e  0.830 -
Step (J): Re-examine last value of 1, used
I
= da _ 3 AEEE_ -
id = Ce i 5B Ag = 0.664

This 1, # 0.689 last assumed. A further iteration
is required.

Step (k): Return to Figure 42 for iy = 0.66k, Ty = 50°F

New ce/r:é = 0.805
3 AH
' = -
ce = 70.805 3126
Step (1): Calculated new i,

. _ 1.5 Amps _
i, = mm— = 0.4025

Step (m): From Figure 46,

new cd/Ce = 0.832
- 3.726  _
‘ Ce = '0—33'2— = l#.h-78 AH
Step (n): Re-cxamining iy assumption
_ 3 Amps =
4 = LB = 0669

This is close enough to assumed

id = 0.664

Therefore:

C, = L.k78 AH

Id = 3 Amps, id = 0.67
Ic = 1.5 Amps, ic = 0.335

Step (0): From Figure 48,
The depth of discharge Ce /Cr for 1000 cycles is 55%.
Therefore the rated capacity required to be installed

for minimum weight and maximum reliability is

. C = HNBM g pHor8aE
r .55

-&-
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Step (p): From Figure 49, the weight of packaged battery is
0.95 1bs per cell. The battery total weight is
determined by multiplying this number by the number
of cells required to meet the system bus voltage.

Efficiency data as a fuimction of temperature, current and state
of charge are extrapolations of experimental data obtained at a single
current over a range of temperature. Experimental data at C/3 may be relied
upon. Data at all other currents should be expected to show increasing
error as the deviation from C/3 increases in elther direction. No weighting,
either for conversatism or optimism has been applied.

Cycling life versus depth of discharge data are those extracted
from NASA - SP 5004, "Space Batteries", after eliminating the effects of
discherge at low temperatures. Since these data already are statistically
confounded with, and are inseparable from, the effects of current (which varies
with depths of discharge in a 90 minute orbit cycle), when combined with
eariier steps in the analysis, the result is a conservative approach.

Figures 51 through 54 show the effect that can be accomplished
with a nickel cadmium battery by revitalization treatments. In effect, this
restores the battery to near 1ts original capacity after an extended period
of cycling. By setting the period between revitalization treatments equal
to or less than the original cycle life of the battery, mission life of the
battery can be extended significantly. The limited data now available has
not established any limit to the number of times a nickel cadmium battery
can be revitalized and thereby multiply its original cycle life by the number
of revitalization periods. This treatment has been used on some of the later

TRW spacecraft power system designs.
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3.4.4% PYower Distribuliou

Power distribution equipment is usually classified as harnesses,
circuit protection or fuses, terminal blocks, power switching, and under or
over voltage protection and isolation diodes.

Power loss, welght and wire gauge for the harnesses used on five
of the considered programs is summarized in Table X.. Considerable standardi-
zation of component parts for harnesses has already been accomplished. Except
for changing of the wire sizes to reduce losses, very little contribution
can be made by the harness area to the maximum utilization of power. At
present, these power losses are very minimal.

Circuit protection has been accomplished by the use of fuses in
all known vehicles to date. These devices operate in a linear mode as a
function of I2t. Other devices known as current limiters, which are non-
linear with Izt have been used in special cases requiring only current
limiting.

The use of relays for switching power or transferring functions
has been the established procedure so far. Solid state switches have been
proposed and used on two programs - Pioneer and 2029. All other programs
investigated have used relays. These devices each have advantages and
disadvantages as summarized belaow.

Advantages

Relays: Low power consumption; not susceptable to

radiation damage; essentially unlimited current
carrying capacity; well advanced in the state-of-

the-art; and reasonably high reliability.
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TABLE X

Harness Characteristics

Voltage Drop |
Primary* Secondary Weight Wire
Program Power Power 1b. Gauge
0GO <1.5% < 1.5% 110 20-28 AWG
ABLE < 50 MV - 15 20-18 HWG
VASP <1200 MV < 80 MV 15 20-%28 AWG
PIONEER < 250 MV < 50 MV 9.87 20-28 AWG
VELA 750 MV 60 MV 12 20-28 AWG

*
Primary power losses are from primary sources to the users'equipment.

A¥
Secondary power losses are from secondary sources to the users'equipment.



Solid State Swi tch: Light weight; very compact; no magnetic
properties; no moving parts; and predicted
high reliability.

Disadvantages

Relays: Poor magnetic field properties; high

volume; high weight; and subject to contact

interrupticns end/or noise.

So0lid State Switches: Subject to radiation damage; limited current
carrying capacity; power consumption pro-
portional to current carried; and relatively
new in development.

For the purpose of this study, it would appear that characteristics
other than power consumption may dictate the selection of switching device.
A1l other things being equal, solld state switches would be used for low
power circults, and relays for high power circults in order to obtain
maximum power system efficiency.

Under and over voltage brotection has been accomplished by two
methods in the spacecrafts surveyed. The Able V, Vela and OGO vehicles have
used unijunction transistors. The Pioneer, Comsat and 2029 program are using
the differential amplifier method. The later method is superior to using a
uni junction, but has only recently been fully developed. Its advantages are:
lower power consumption, narrower hysteresis band width, matrix logic outputs,
better temperature range stability, and low DC voltage signals which can drive
the power switching devices.

From a power efficiency point of view, the state~of-the-art in
over/under voltage control is moving in the correct direction. At this

time, no better choice is available.
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